Studies were carried out to determine the activity of complexes of the essential amino acids DL-Lysine and L-Methionine with heavy metals in the oxidation of cyclohexene with tert-butylhydroperoxide in toluene at 80˚C. All complexes were prepared through interaction of metal ions and DL-Lysine and L-Methionine at room temperature in aqueous solutions. Only the complexes of Mo and W were obtained from acidic aqueous solution. These complexes were characterized by FT-IR, Moessbauer spectroscopy and EPR analysis. The products of the oxidation reactions were identified by GC/MS analysis. The complexes of Mo and V showed the best activity in the epoxidation reaction of cyclohexene in comparison with other complexes, such as Ni, Mn, Zn, Co, Cu, Cr, Fe and W. Using semi-empirical quantum-chemistry methods, the full energy of the Mo complexes was calculated and their probable structure is presented.
Introduction
Reactions between oxygen and organic compounds have a major role in living organisms, because the produced energy is used to power all biochemical systems. Catalysis in biological systems is attributed to the need to optimize three aspects of the catalytic process simultaneously: selectivity, rate and stability. Higher selectivity, rate and stability in biological systems provide evolutionary advantages of certain forms over those having biologically less adaptable and unstable systems.
The epoxidation of alkenes is among the main reactions in the chemical industry. Epoxy compounds can react with amines, phenols and others containing active oxygen and act as intermediate compounds in the synthesis of pesticides, pharmaceutical and perfumery products, polyethers and so on. Mo complexes are known to be efficient catalysts in the epoxidation of alkenes with organic hydroperoxides. The use of other transition metal ions in the form of homogeneous or heterogeneous catalysts has also been described [1, 2] .
Polymer coated Cu(II) complexes with L-phenylalanine and L-valine were obtained and used as catalysts for the epoxidation of alkenes with m-chloroperbenzoic acid. The selectivity for the obtained epoxide was 92% -94% [3] . Polymer-anchored amino acid ruthenium complexes were used as epoxidation catalysts. The polymer carrier was Merrifield resin with valine attached to it and treated with ruthenium(III) chloride. Selective epoxidation with norbornylene and cyclooctene was observed while for styrene, benzaldehyde and acetophenone were obtained besides epoxy [4] . Efficient epoxidation catalysts were obtained on the basis of tungsten oxide [5] and molybdenum tricarbonyl [6] . New catalysts were also obtained through the treatment of МСМ-41 molecular sieve with 3-aminopropyl-trimethoxysilane and acetylacetone [7] .
The donor properties of the amino acid methionine were investigated for a number of transition and nontrancomplexes were synthesized and characterized [10] . The complexes of Mn-lysine [11] , Pd-lysine [12] and Culysine [13] were also obtained and characterized
The present paper is a continuation of the authors' studies on the preparation and characterization of complexes of glutathione [14] , histidine [15] and others [16] with heavy metal ions. The aim of the present work is to prepare metal complexes of DL-Lysine, L-Methionine and to study their catalytic activity in the model oxidation reaction of cyclohexene with tert-butylhydroperoxide. 
Experimental

Preparation of Molybdenum Complex
0.3 g lysine (1.64 × 10 −3 М) was added to 20 ml double-distilled water and the solution obtained was acidified with dilute HNO 3 to reach pH ~ 2.2. Then, 0.2 g Na 2 MoO 4 ·2H 2 O (8.21 × 10 −4 M) were added to 20 ml water and the solution was also acidified with dilute HNO 3 until pH ~ 2.2. Both solutions were mixed at room temperature under intense stirring. The precipitate obtained was filtered, washed with double-distilled water and dried to constant weight. The complexes obtained were then subjected to analysis for the presence of molybdenum. W complexes were obtained using the same method.
Preparation of Vanadium Complex
The complex between VOSO 4 ·5H 2 O and lysine was prepared in aqueous-alcoholic solution at room temperature: 0.3 g lysine (1.64 × 10 −3 М) was dissolved in 10 ml water. The solution was added to 20 ml aqueous-alcoholic solution of VOSO 4 ·5H 2 O (0.21 g, 8.21 × 10 −4 M). The aqueous-alcoholic solution was stirred with a magnetic stirrer for 10 -12 hrs. The precipitate containing the complex was then filtered, washed repeatedly with ethyl alcohol and dried in vacuum at room temperature to constantweight. The complexes obtained were subjected to analysis to determine the contents of VO
2+
. The other complexes with Cu, Co, Fe, Ni, Mn, Zn and Cr were prepared by the same method. The complexes with methionine were obtained in the same way.
Determination of Metal Ions Content in the Amino Acid Complexes
The amount of metal ions was determined by complexation with potassium using a UNIGAN 8625 UV/VIS spectrometer at wave lengths (λ max , nm), as follows: Mo λ = 460 nm (rhodanide); Cо λ = 620 nm (rhodanide); V λ = 450 nm (hydrogen peroxide); W λ = 405 nm (rhodanide complex). Cu, Cr, Mn, Ni, Zn and Fe were determined with a Varian AA240 atomic absorption spectrometer.
Oxidation of Cyclohexene
Cyclohexene was oxidized with t-BHP in a batch glass reactor equipped with a magnetic stirrer at T = 80˚C for 90 min.
The following reagents were introduced into the reaction vessel:
Content: 5 × 10 −3 mmol mеtal/l (the catalysts were in powder form in all cases); 0.1 ml t-BHP (0.081 g; 8.79 × 10 −4 M); 1.0 ml cyclohexene (0.8 g, 9.8 × 10 −3 M); 4.0 ml toluene (solvent).
Analyses
FT-IR Analysis
FT-IR spectra of DL-Lysine, L-Methionine and their metal complexes were taken using a Bruker spectrophotometer (Germany) and FT-IR Tensor-27 in the interval 4000 -400 cm
; and the samples were prepared as KBr pellets.
GC/MS Analysis
An aliquot (0.1 µl) was injected into a GC/MS Varian 450-GC equipped with a Factor Four capillary column. Initial oven temperature was 50˚C (5 min) and programmed to 100˚C (10 min/min). Average linear velocity was 1 cm 3 /min. The carrier gas used was helium. The detector was scanned over the 40 -400 m/z range to confirm the retention times of the analysis. To determine the products, selected ion monitoring (SIM) was performed and two characteristic fragment ions were monitored in addition to the molecular ion.
EPR Analysis
The electron paramagnetic resonance (EPR) spectra of the metal complexes were obtained at room temperature on a Bruker 200 DSRC spectrometer (Germany) operating in the X-range, at frequency of magnetic field moduCopyright © 2013 SciRes. JBNB
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lation 100 кНz and rectangular resonator ТЕ 102 .
Moessbauer Analysis
Moessbauer spectra of Fe 3+ complexes were recorded on an electromechanical spectrometer (Wissenschaftliche Elektronik GmbH, Germany) under regime of constant acceleration. The source used was 57 Со with activity of 20 mCi deposited on Cr matrix. The rate gauge was calibrated by using 25 μm thick α-Fe foil. The samples were studied at room temperature. The Moessbauer spectra obtained were computer processed by the least squares method using Lorents shaped curves and deconvolution. The experimental spectra were mathematically worked out using a program based on the method of iteration optimization of initial approximations (least squares method).
Results and Discussion
The amino acids in the composition and structure of the proteins are twelve, the number and their combinations varying in the different proteins. They can be classified as essential (or indispensable) and non-essential. The amino acids that cannot be synthesized by the organism and are supplied only in the diet have diverse functions. For example, lysine (Figure 1 ) stimulates the appropriate calcium absorption for the formation of collagen when building cartilage and connective tissue. Lysine deficiency may lead to fatigue, retarded growth, anemia and infertility. Methionine (Figure 2 ) is the main supplier of sulphur for the body. This amino acid can prevent skin, hair and nail problems and is responsible for the normal level of cholesterol in living organisms by increasing the production of lecithin in the liver.
Metal ions also participate in biological oxidation processes. Only metal ions capable of changing their oxidation degree under certain conditions are active in these catalytic reactions. . The formation of a complex between the lysine and the molybdenyl ions led to the appearance of new bands at 875 сm −1 and 780 сm −1
, characteristic of the V=O group [17] . New absorption bands were also observed for the Mo complex: at 920 сm −1 , typical of Mo=O [16, 18] , and at 790 сm −1 , characteristic of the asymmetrical fluctuations of the Mo-O-Mo bonds [18] . Similar shifts of the ammonium group and the carboxylate anion as well as the appearance of new bands characteristic of the V=O and Mo=O groups were observed for the complexes of vanadyl and molybdenyl ions with the methionine amino acid ( Table 1) . Figure 3 shows the Moessbauer spectrum of the complex of lysine with Fe ions. The experimental Moessbauer spectrum measured for the lysine complex was a doublet and had isomer shift values of about 0.37 mm/s.
Since lysine, an amino acid, does not contain iron, the spectrum observed can not be related to iron ions bonded to this amino acid in a complex or iron containing minerals (oxides, hydroxides). The Moessbauer spectra calculated are included in Table 2 . The broader lines for a single component in the spectrum could be explained by the presence of Fe ions in non-equivalent states (positions) which have close parameters.
The EPR spectrum of lysine-VO 2+ is presented in Figure 4 . The EPR spectra calculated are included in Table 3 . To decide which donor atom of the amino acid (O or N) is coordinated to the VO ion relevant data were looked for in the literature. One source [19] reported a link only between the isotropic EPR parameters of the vanadyl complexes and different donor atoms. For this reason, the table also shows values of A iso and g iso [A iso = (A II + A  )/2; g iso = (g II + g  )/2]. complex has axial symmetry. At lower symmetry in the EPR spectrum 24 superfine lines (8 in each direction x, y, z) could be expected. Despite the presence of a nuclear spin у 14 N (I = 1), no superfine interaction was observed because the uncoupled electron of V(IV) is situated on the dxy orbital, which does not overlap with the atomic orbitals of the N atoms and the electron-nucleus interaction is very weak.
The lower donor properties of the N atoms (compared to the O ones) determine the formation of a VON 4 complex (vanadyl lysine). The EPR spectrum shows that the Eleven out of the expected 16 lines in the EPR spectrum (8 in parallel and 8 in perpendicular orientation) were registered. All transitions in parallel orientation and 3 of the transitions in perpendicular orientation were well allowed.
Another problem that the authors have solved in the present research is the optimization of the geometry of the obtained complex compounds of the lysine and methionine amino acids with Мо(VI) using semi-empirical quantum-chemistry methods and studying their electronic structure.
The quantum-chemistry calculations and the analysis of the electron configuration of co-ordination compounds of transition metals allows to clarify the origin of their physical and chemical properties at electron level, as well as to predict some of the substance properties. This must be done mostly because of their wide use in catalysis and the important role they play in biological processes. For this purpose, the geometry was optimized and the electronic structure was calculated for eight of the coordination compounds of Mo(VI) with some amino acids (lysine and methionine) obtained. All the calculations were carried out by the semi-empirical quantum chemistry method ZINDO/1 in the HyperChem 6.0 software package, using standard parametrization for the molybdenum atom.
The molecular structures were preliminarily determined using the molecular mechanics from the same software package. For the quantum-chemistry calculations the optimization algorithm of Fletcher-Reeves was applied. Closed-shell molecules are usually calculated with the approximation of the Restricted Hartree-Fock method (RHF), also known as the Spin-Restricted Hartree-Fock method.
The following characteristics are known about the stereochemistry of coordination compounds with transition metals with d 0 electron configuration and multiple-binding ligands, such as Мо(VІ) compounds [20, 21] :
Multiple-binding ligands (О=, N≡) are situated in cis-position to one another;
The introduction of a multiple-binding ligand to a σ-binded octahedral complex leads to considerable lengthening of the bond in trans-position to the substitute. The results obtained for some bond lengths in coordination compounds are presented in Table 4 .
The occupation of the molecular orbitals (MO) is also related to the charge distribution in a molecule, that is the pure charges of the atom. If on МО χ j there are n j electrons (n j = 0, 1 or 2), then 2 j j n c  (where c µj is the coefficient before АО χ µ in МО χ j ) is equal (in zero differential overlap approximation) to the partial electron occupation of the respective AO.
According to this approximation (on which the ZINDO/1 method is based too), АО of the different atoms are regarded as orthogonal and consequently the overlap integrals are taken to be equal to zero. The total occupation of AO is worked out by adding up all partial occupations along all occupied MO in which the AO takes part. The total occupation of an atom in a molecule is the sum of the occupations of all its AO. The formulaic expression of the above is as follows:
Then the pure charge of the atom is q A = Z A − P A , where Z A is the charge of the nucleus.
The analysis of the occupation of AO of molybdenum leads to an electron configuration of the valence electron layer of 4d 3.85 5s 0.422 5p 1.15 , which indicates a transfer of electron density from the ligand molecules to the free orbitals of molybdenum and hence the occupation of the 5s-and 5p-atomic orbitals of molybdenum is overvalued. (Table 5 ) This result may lead to the incorrect conclusion that there is a stronger coordination bond than in reality, but it is typical of the semi-empirical quantumchemistry methods. This higher occupation of the molybdenum AO leads to a strong reduction of the positive charge of the atom in comparison with the complexes of Mo(VІ) with other amino acids.
The last two columns of Table 6 show the energies of the highest occupied molecular orbital (HOMO), as well as that of the lowest occupied molecular orbital (LUMO). They are called frontier MO and to a great extent they determine the molecular system as steric system by the substitution of ligands and its chemical reactivity (Figures 5 and 6) . The processes involving homogeneous, heterogeneous and immobilized catalytic systems play an important role in the chemical industry. The oxidation of alkenes is a method for direct introduction of oxygen. These processes require the presence of a complex of a transition metal and a source of oxygen.
The immobilized complexes obtained were studied in the reaction of oxidation of cyclohexene. These results were corresponded with full energy of complexes ( Table  7) . Table 8 shows the experimental data for the complexes of the amino acid lysine and Table 9 shows the respective data for the complexes of the amino acid methionine.
All reactions were carried out in a batch reactor under the same conditions.
As can be seen from Tables 8 and 9, high yields of cyclohexene oxide were obtained using molybdenum complexes: 41.5% with lysine and 36.2% with methionine ( Table 7) . Lower yields were obtained using the vanadium complexes of lysine and methionine, 21.5% and 29.1% respectively. The obtained results correlate with the literature data reported in [1, 22] , which report that metals with high oxidation potential and low Lewis acidity are efficient catalysts for the epoxidation of alkenes. Exceptions in this respect are the tungsten complexes of lysine and methionine, with which the yields of cyclohexene oxide were 10.3% and 1.1% respectively. As for the rest of the complexes, a relatively higher yield of cyclohexene oxide was obtained using the copper complex of methionine: 11.4%. In the reactions of all the other complexes the product from the allylic oxidation of cyclohexene, namely 2-cyclohexene-1-ol, was the uppermost. The yield of this compound was the highest when using complexes of vanadyl, tungstenyl and iron ions with lysine complexes, as well as methionine-iron complexes. Their activity was between 10.7% and 12.4%. In the authors' previous studies of the histidine amino acid as a ligand [15] , the yield of cyclohexene oxide with the molybdenum complex of histidine was 54.8% and 33.3% with vanadium as such. The authors proved that different products are obtained depending on the transition metal ion. It is known from the literature that, depending on the conditions of the reaction and the applied catalytic system, it is possible to obtain around 70 different products in the oxidation of cyclohexene [23] . In a previous work [15] , the authors determined three major products: cyclohexene oxide, 2-cyclohexene-1-ol and 2-cyclohexene-1-one. When comparing the experimental results of the complexes of the three amino acids, it is evident that the "third ligand" of the amino acid (the imidazole nucleus of histidine, the amino group of lysine and the thiomethyl group of methionine) also has an effect on the activity.
Scheme 1 shows the reactions where the three major products are obtained. Reaction (1) is the main one: tertbutylhydroperoxide epoxidizes cyclohexene to cyclohexene oxide in the presence of the respective catalyst. Reactions (2) and (3) are side reactions. Reaction (2) is the oxidation of cyclohexene to cyclohexenyl hydroperoxide in the presence of oxygen. This reaction is competetive to the epoxidation because cyclohexene contains an allylic carbon atom. In reaction (3) cyclohexenyl hydroperoxide can simultaneously epoxidize and oxidize cyclohexene to 2-cyclohexene-1-ol. The obtained seconddary alcohol can be oxidized to 2-cyclohexene-1-one.
Conclusions
The possibilities of using amino acid complexes as catalysts in the model reaction of oxidation of cyclohexene in the presence of tert-butylhydroperoxide are newly demonstrated. The optimal conditions for the formation of complexes between the L-lysine, methionine and heavy metal ions were established. It was found out that the order of catalytic activity of the complexes in the reaction of epoxidation of cyclohexene with tert-butylhydroperoxide was as follows: Mo > V > Cu > W, while in the reaction of hydroxylation it was W = V > Fe > Cu.
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